A fragment consisting of residues 584 ± 1071 of the mouse Son-of-sevenless 1 (mSos1) protein was found to be sucient for stimulation of the guanine nucleotide exchange of Ras in vitro, which de®nes the CDC25 homology (CDC25H) domain of mSos1. Furthermore, we found that the CDC25H-domain fragment activated the extracellular signal-regulated protein kinases (ERKs), and was mainly membrane localized, when expressed in unstimulated human embryonic kidney 293 cells. Then, we examined the roles of other mSos1 domains in autoinhibition of the CDC25H-domain functions in unstimulated cellular environments. First, longer fragments that have the CDC25H domain and the following proline-rich Grb2-binding domain exhibited negligible membrane localization, and accordingly much lower ERK-activation activities, under serum-starved conditions. On the other hand, the preceding Pleckstrin ± homology (PH) domain aects neither the ERKactivation activity nor the membrane-localization activity of the CDC25H domain. By contrast, the cells expressing a fragment containing the Dbl homology (DH) domain in addition to the PH and CDC25H domains exhibited remarkably low ERK activities under serum-starved conditions. This autoinhibitory eect of the DH domain on the CDC25H-domain function was shown to be relieved when cells were stimulated with epidermal growth factor. The DH-domain extention aected neither the in vitro guanine nucleotide exchange activity nor the membrane-localization activity of the CDC25H domain. Therefore, one of the roles of the DH domain is to exert an autoinhibition over the CDC25H-domain function on the cell membrane, in the absence, but not in the presence, of extracellular stimuli.
Introduction
The ras proto-oncogenes encode low molecular weight guanine nucleotide-binding proteins that play essential roles in the regulation of mammalian cell proliferation and dierentiation (Downward, 1992; Lowy and Willumsen, 1993) . The Ras proteins cycle between an inactive GDP-bound state and an active GTP-bound state. Formation of GTP-bound Ras is promoted by guanine nucleotide exchange factors (GEFs), such as the mouse and human Son-of-sevenless proteins (mSos and hSos, respectively) (Bowtell et al., 1992; Chardin et al., 1993) . These Sos proteins were identi®ed as the homologs of the Drosophila melanogaster Sos (dSos), which mediates the signal from the Sevenless receptor tyrosine kinase to Ras1 in the R7 cell development of the Drosophila eye (Simon et al., 1991) . In Saccharomyces cerevisiae cells, the CDC25 protein serves as a Ras GEF (Broek et al., 1987) . In mammalian cells, the activated Ras protein associates physically with and induces activation of Raf-1, a serine/threonine kinase, which in turn triggers a kinase cascade involving the activation of the extracellular signal-regulated protein kinases (ERKs) (de Vries-Smits et al., 1992; Wood et al., 1992) .
The Sos proteins consist of several distinct domains. A central part of Sos shares homology with a region of about 200 amino acid residues conserved in Ras GEFs and related proteins (Boguski and McCormick, 1993) . About 130 ± 180 residues upstream of this highly conserved 200-residue region, most of the Ras GEFs have another 48 signi®cantly conserved amino acid residues (Lai et al., 1993) . In the case of the S. cerevisiae CDC25 protein, this 48-residue sequence has been proposed to be important for the guanine nucleotide exchange activity (Lai et al., 1993) , although there have been no reports on the function of the N-terminal region of the Sos CDC25H domain.
The C-terminal proline-rich region of Sos binds to the Src homology 3 domains of Grb2. Then, the Sos⋅Grb2 complex interacts with the activated epidermal growth factor (EGF) receptor through the Src homology 2 domain of Grb2 (Buday and Downward, 1993) . In addition, it has been suggested that the C-terminal Grb2-binding domain is a negative regulatory domain (Aronheim et al., 1994; . On the other hand, the N-terminal half of Sos includes the Dbl homology (DH) and Pleckstrin homology (PH) domains. The Dbl protein is a GEF for the Rho family of GTP-binding proteins, which so far have not been found to be activated by Sos (Boguski and McCormick, 1993) . The PH domain has been identi®ed in many proteins involved in signal transduction, and several PH domains have been shown to interact with G bg and/or to bind phosphatidylinositol derivatives (Touhara et al., 1994; Harlan et al., 1994) . Recently, the Sos PH domain was shown to bind tightly and speci®cally to phosphatidylinositol derivatives (Chen et al., 1997; Koshiba et al., 1997; Kubiseski et al., 1997) . On the other hand, this PH domain was determined to be one of the few that does not bind to G bg (Mahadevan et al., 1995) . It has been proposed that the presence of either the DH or PH domain in dSos, but not the Grb2-binding domain, is essential for its Ras activation in vivo . It was recently reported that Sos fragments with either the DH-PH or PH region inhibited growth factor or serum induced activation of the Rassignaling pathway (Byrne et al., 1996; Chen et al., 1997) .
In the present study, we found that the isolated CDC25H domain of mSos1 inherently exhibits substantial membrane localization, and accordingly can activate the Ras-signaling pathway involving ERKs in human embryonic kidney (HEK) 293 cells under serum-starved conditions. The mSos1 protein is prevented from exhibiting the intrinsic CDC25H-domain activities in unstimulated cells, by autoinhibitory eects of the DH and Grb2-binding domains, which are relieved upon growth factor stimulation.
Results

In vitro assay of guanine nucleotide exchange activity
Various mSos1 fragments considered to have the CDC25 homology (CDC25H) domain, either in full or in part, were expressed and were puri®ed as GSTfusion proteins (Figure 1 ). These proteins were tested for their abilities to promote guanine nucleotide exchange in vitro, by examination of the rate of decrease in [ 3 H]GDP bound to a post-translationally modi®ed form of human c-Ha-Ras. As shown in Figure 2 , a fusion protein, GST-C(584 ± 1088), eciently stimulated the dissociation of prebound [ 3 H]GDP from c-Ha-Ras. This fusion protein contains the entire CDC25H domain (`C') including the`core portion' (residues 793 ± 980) of the CDC25H domain conserved not only in all of the CDC25-type GEFs but also in the Bud5-type GEFs (Boguski and McCormick, 1993) , the 48-residue region (the`RasGEF-conserved' region, residues 618 ± 665) conserved within the Rasspeci®c GEFs (Lai et al., 1993) , and the N-terminal 34-residue region (the`Sos-conserved' region, residues 584 ± 617) conserved in the mSos, hSos, and dSos proteins, but not in other Ras-speci®c GEFs. Two longer fragments, the GST-P-C fusion protein (residues 429 ± 1088) with the PH domain (`P') in addition to the entire CDC25H domain (`C') and the GST-D-P-C Figure 1 Schematic representation of mSos1 fragments tested in the in vitro guanine nucleotide exchange activity assay. These fragments were prepared as GST-fusion proteins. The full-length mSos1 is also shown for comparison. The location of the DH domain is designated by DH, that of the PH domain by PH, and that of the CDC25 homology domain by CDC25H, and the proline-rich Grb2-binding domain is indicated by Grb2-binding fusion protein (residues 204 ± 1088) with the DH domain (`D') prior to the PH-CDC25H domains (`P-C'), exhibited nearly the same extents of stimulation of the GDP dissociation from c-Ha-Ras (Figure 2) . Therefore, the PH and DH domains have no eect on the exchange activity of the mSos1 CDC25H domain in this in vitro assay (Figure 2 ).
In contrast, we could not detect any exchange activity for GST-C(717 ± 1088), although it still retains the core portion of the CDC25H domain. Similarly, longer fragments, GST-C(634 ± 1088) and GST-C(618 ± 1088), exhibited no exchange activity, although they contain the RasGEF-conserved region partially and fully, respectively (Figure 2 ). These results show that the Sos-conserved 34-residue region is indispensable for the exchange activity. The Sos-conserved region is not conserved in other Ras-speci®c GEFs, and may therefore be involved in the biosynthesis, folding, or stability of the CDC25H domain. Actually, the GSTfusion proteins that lacked this region were expressed at lower levels than those with this region. Next, we investigated whether the RasGEF-conserved region is involved in the exchange activity. Two mutant proteins, GST-C(584 ± 1088/K619A) and GST-C(584 ± 1088/T622A), each with a single mutation within the RasGEF-conserved region, showed reduced exchange activity (Figure 2 ), indicating that this region is involved in guanine nucleotide exchange activity.
We also prepared GST-fusion proteins, GST-C'(584 ± 1071) and GST-C''(584 ± 811) with C-termini dierent from that of GST-C(584 ± 1088). GST-C'(584 ± 1071) was shown to have an exchange activity as high as that of GST-C(584 ± 1088) (Figure 2 ). On the other hand, GST-C''(584 ± 811), which lacked the Cterminal half of the core portion of the CDC25H domain, exhibited a complete loss of activity ( Figure  2 ). Therefore, we concluded that the`minimal' mSos1 CDC25H domain consists of residues 584 ± 1071.
Activation of ERKs by the expression of the CDC25H domain of mSos1 in HEK 293 cells
Using the pCMV5-HA expression vector, we prepared a series of constructs for the expression of HA-tagged mSos1 fragments (Figure 3 ). These fragments were transiently expressed in HEK 293 cells, and were visualized by Western blotting with an anti-HA antibody (Figure 4a and b) . Since the activation of the Ras protein can be monitored by the activation of ERKs, downstream eectors in the Ras signaling (de Vries-Smits et al., 1992; Wood et al., 1992; Buchsbaum et al., 1996; Byrne et al., 1996) , we examined the activity of dierent mSos1 fragments in terms of ERKs activation. To investigate the phosphorylation of ERKs in transiently transfected HEK 293 cells, immunoblotting was performed using an anti-ERK antibody that recognizes the p42 and p44 forms of ERK. Phosphorylation of ERKs is re¯ected by a shift in the electrophoretic mobilities of the 42 kDa and 44 kDa bands as a consequence of phosphorylation (de Vries-Smits et al., 1992) . The expression of HA-C(584 ± 1088) resulted in reduced mobilities of the p42 and p44 forms of ERK ( Figure 5 ). The HA-C'(584 ± 1071) expression induced ERK mobility shifts to nearly the same extent, whereas HA-C(618 ± 1088), HA-C(634 ± 1088), or HA-C(717 ± 1088) expression did not ( Figure 5 ). Both point mutant proteins, HA-C(584 ± 1088/K619A) and HA-C(584 ± 1088/T622A), exhibited reduced ERK-activation activities as com- 3 H]GDP/c-Ha-Ras protein (100 nM) mixture was incubated with the indicated amounts of the GST-mSos1 fusion proteins for 30 min at 308C. At the end of the incubation, the samples were assayed for the radioactivity remaining bound to cHa-Ras. *, GST; *, GST-D-P-C;^, GST-P-C;~, GST-C(584 ± 1088); &, GST-C(618 ± 1088);~, GST-C(634 ± 1088);^, GST-C(717 ± 1088); &, GST-C'(584 ± 1071); !, GST-C''(584 ± 811); $, GST-C(584 ± 1088/K619A); $, GST-C(584 ± 1088/ T622A). Results are representative of three independent experiments pared with that of HA-C(584 ± 1088) ( Figure 5 ). Furthermore, we measured the ERK activity by an in vitro kinase assay with an ERK-speci®c substrate; HA-C(584 ± 1088) and HA-C'(584 ± 1071) remarkably increased the ERK activity as compared with that of the control, while HA-C(618 ± 1088), HA-C(634 ± 1088), and HA-C(717 ± 1088) had no eect on the ERK activity ( Figure 6 ). HA-C(584 ± 1088/K619A) and HA-C(584 ± 1088/T622A) showed nearly half of the ERKactivation activity as compared with that of HA-C(584 ± 1088) ( Figure 6 ). Consistent with the in vitro guanine nucleotide exchange assay (Figure 2 ), the Sosconserved region (residues 584 ± 617) and the RasGEFconserved region (residues 618 ± 665) were found to be important for the mSos1 activity in vivo as well. Therefore, the isolated CDC25H domain, consisting of residues 584 ± 1071, is sucient for activation of the Ras signaling pathway leading to the activation of ERKs in HEK 293 cells.
Eect of other domains on ERK activation
The ability of the CDC25H domain to activate the ERKs was not changed when the PH domain was connected (Figures 5 and 6, HA-P-C), demonstrating that the PH domain is not necessary for downstream signal transduction in this assay system, using HEK 293 cells. The expression of either HA-C-G or HA-P-C-G resulted in much smaller ERK activation as compared with that of HA-C or HA-P-C in HEK 293 cells (Figures 5 and 6) . Accordingly, the cellular activity of the CDC25H domain is autoinhibited by Figure 3 Schematic representation of the HA-tagged mSos1 fragments. The anti-HA antibody-recognition sequence (YPYDVPDYA) was fused to the N-terminus of each fragment. CAAX represents the C-terminal 17 amino acid residues of HaRas (PPDESGPGCMSCKCVLS) the C-terminal Grb2-binding region of mSos1. On the other hand, the ERK-activation ability of HA-N±D-P-C was markedly lower than those of HA-C(584 ± 1088) and HA-P-C (Figures 5 and 6 ). These results indicate that the N-terminal region containing the DH domain has an autoinhibitory eect on the mSos1 activity. The ERK-activation ability of HA-N-D-P-C was as low as that of HA-P-C-G; therefore, the autoinhibitory eect of the N-terminal region is comparable to that of the Grb2-binding domain. Finally, the full-length mSos1 (HA-N-D-P-C-G) showed only a slight elevation of the ERK activity (Figure 6 ). Therefore, our results indicate that the full-length mSos1 is prevented from expressing its inherent guanine nucleotide exchange activity by both the C-terminal Grb2-binding domain and the Nterminal region containing the DH domain in these conditions.
Subcellular localizations of the mSos1 fragments
We prepared soluble and particulate fractions of cells expressing either the full-length mSos1 or the dierent mSos1 fragments by homogenization under hypotonic conditions. Interestingly, immunoblotting with an anti-HA antibody demonstrated that the amount of the HA-C(584 ± 1088) fragment in the particulate fraction is much larger than that in the soluble fraction ( Figure  7 ). This result indicates that the CDC25H domain by itself is sucient for membrane localization. When the PH domain was added onto the CDC25H domain, the relative amount of the fragment in the particulate fraction did not increase ( Figure 7) ; the PH domain has no role in the localization of the CDC25H domain to the membrane in the unstimulated cells. HA-N-D-P-C, which encompasses the N-terminal region (the DH domain), the PH domain, and the CDC25H domain, exhibited nearly the same distribution as that of HA-P-C between the particulate and soluble fractions ( Figure  7 ). In contrast HA-P-C-G, which consists of the PH, CDC25H, and proline-rich Grb2-binding domains, was exclusively detected in the soluble fraction (Figure 7) . Furthermore, the majority of the full-length mSos1 was cytosolic (Figure 7 ). These results demonstrate that in quiescent cells the inherent membrane-localization ability of the CDC25H domain is autoinhibited by the following proline-rich Grb2-binding domain.
Potentiation of the ERK-activation activity with low expression levels of the CDC25H domain with CAAX
The pCMV5-HA-C'(584 ± 1071)-CAAX and pCMV-HA-C(584 ± 1088)-CAAX vectors have the sequence encoding the 17 C-terminal amino acid residues of HaRas fused in frame to the C-terminus of HA-C'(584 ± 1071) and HA-C(584 ± 1088), respectively ( Figure 3 ). (Figure 11 ). In contrast, the ERK activity was proportional to the concentration of pCMV-HA-C(584 ± 1088) (420 mg per plate) used in the transfection (Figure 11 ). The HA-C(584 ± 1088)-CAAX protein was supposed to be localized continually in the vicinity of Ras on the membrane, because it contained the same C-terminal CAAX sequence as that of Ras. Therefore, at low expression levels of the CDC25H domain, the C-terminal addition of the CAAX was shown to increase the ERK-activation activity.
Relief from the DH-domain autoinhibition by EGF stimulation
The ERK activities in HEK 293 cells were increased by stimulation with EGF ( Figure 12 ). The cells expressing HA-C(584 ± 1088) or HA-P-C (the (P)C-expressing cells in short) exhibited remarkably high ERK activities without stimulation as compared with those of the control cells as in Figures 5 and 6 , and even higher ERK activities with EGF treatment (Figure 12 ). The ERK activities in the EGF-stimulated (P)C-expressing cells were higher than that of the stimulated control cells. However, the dierence in the ERK activity between the stimulated and unstimulated conditions was smaller in the (P)C-expressing cells than in the control cells. Therefore, it is likely that these mSos1 fragments compete with the endogenous hSos for the same membrane component(s). As compared with these (P)C-expressing cells, the ERK activities in the cells expressing HA-D-P-C were much lower under unstimulated conditions, but were nearly the same with EGF stimulation (Figure 12) . Therefore, the EGF stimulation relieves the autoinhibitory action of the DH domain against the CDC25H-domain function. The amounts of the HA-D-P-C protein in the soluble and particulate fractions were nearly equal to each other in unstimulated cells (Figure 7 ), and this subcellular localization was not changed by EGF stimulation (data not shown). 
Discussion
In the case of mSos1, the Sos-conserved 34 amino acids (residues 584 ± 617) of the CDC25H domain were found to have a crucial role in the guanine nucleotide exchange activity of the CDC25H domain. Deletion of these residues abolished the GEF activity of the CDC25H-domain fragments with and without CAAX in serumstarved conditions. The cell lysates used in Figure 10 were assayed for ERK activity with an ERK-speci®c substrate. The p42/p44 ERK-induced phosphorylation of the substrate peptides was determined with a ®lter assay. *, HA-C(584 ± 1088)CAAX; *, HA-C(584 ± 1088). The data represent means+s.e. CDC25H domain, and these residues are likely to be involved in the biosynthesis or the folding of the domain. Two mutants, K619A and T622A, revealed that the RasGEF-conserved region is important for the mSos1 exchange activity. Thus, the region consisting of residues 584 ± 1071 of mSos1 is regarded as the minimal catalytic domain for the guanine nucleotide exchange. On the other hand, the minimal catalytic domain of CDC25 Mm is considerably smaller than the minimal catalytic domain of mSos1 de®ned here, as CDC25 Mm requires only a short N-terminal sequence plus the core portion of the CDC25H domain for exchange activity (Coccetti et al., 1995) . In our in vitro assay for mSos1, neither the PH domain nor the DH domain exhibited any eect on the nucleotide exchange activity of the CDC25H domain. It has also been reported that a hSos fragment lacking the carboxyterminal proline-rich Grb2-binding domain has the same in vitro nucleotide exchange activity as that of the full-length hSos .
In the present study, the HA-C'(584 ± 1071) and HA-C(584 ± 1088) fragments of mSos1 were found to induce remarkable ERK activation, when expressed in unstimulated HEK 293 cells. This activation is comparable to those induced by the expression of Ha-Ras (G12V) (data not shown) and by the EGF stimulation (Figure 12 ). These results demonstrate that the catalytically-active CDC25H domain of mSos1 is sucient for downstream signal transduction. This CDC25H domain of mSos1 was mainly detected in the particulate fraction of HEK 293 cells, suggesting that the CDC25H domain has an inherent membranetargeting property. These characteristics of the mSos1 CDC25H domain are consistent with those reported for the CDC25H domains of CDC25 Mm and Cdc25p (Cen et al., 1993; Garreau et al., 1996) . It was shown in the present study that the arti®cial connection of a CAAX sequence to mSos1 fragments increases their Ras signaling activities only at low expression levels, which is consistent with previous observations (Aronheim et al., 1994; Quilliam et al., 1994) .
To the contrary, it has been suggested that either the PH or DH domain is essential for the GEF activity of dSos, on the basis of the ®nding that two fragments with either of these two domains exhibited the activity, while a much shorter`control' fragment lacking both of these domains did not . For this discrepancy, we may point out that the`control' dSos fragment lacking both the PH and DH domains also lacked the essential Sos-conserved and RasGEFconserved regions prior to the core portion of the CDC25H domain, like our mSos1 fragment HA-C(717 ± 1088) (Figure 4) , and therefore the dSos fragment is now considered to have lacked the exchange activity. On the other hand, the core portion of the CDC25H domain by itself can rescue the S. cerevisiae cdc25ts mutant , which may be due to some characteristic features of this mutant yeast strain.
In contrast to the CDC25H domain by itself, the fulllength mSos1 induced only very weak ERK activation, indicating that the mSos1 activity is autoinhibited by other domains in unstimulated HEK 293 cells. Actually, in Rat1 cells, the full-length mSos1 is not transforming . As discussed above, the in vitro guanine nucleotide exchange activity of the Sos CDC25H domain is not aected by other domains, such as the PH, DH and Grb2-binding domains. Consequently, the negative regulation of the Sos activity in unstimulated cells is characteristic of the nucleotide exchange in cellular environments and, in particular, on the membrane. On the other hand, the full-length dSos is transforming (Egan et al., 1993) ; dSos may have a higher intrinsic Ras activation ability in mammalian cells. Actually, the full-length dSos was shown to cause substantial GTP loading of Ras in cultured cells .
First, deletion of the proline-rich Grb2-binding domain from mSos1 resulted in enhanced activation of ERKs in the quiescent HEK 293 cells. This is consistent with the observation that deletion of the Grb2-binding domain of mSos1 causes transformation of Rat1 cells . Furthermore, we found that the fragment consisting of the CDC25H and Grb2-binding domains exhibited much weaker ERK activation and membrane-localization activities than those of the CDC25H-domain fragment. These results indicate that the Grb2-binding domain may regulate the Sos-induced Ras activation by autoinhibiting the translocation of Sos from the cytosol to the membrane in quiescent cells. It has been reported that the amount of the Sos⋅Grb2 (or Sos⋅Grb2⋅Shc) complex is increased in growth factor-stimulated cells and in Figure 12 The eects of the EGF stimulation on the ERK activities in HEK 293 cells expressing the mSos1 fragments. HEK 293 cells were transiently transfected with expression vectors encoding the indicated HA-tagged mSos1 fragments and the pCMV5-HA vector as control. After serum starvation, cells were stimulated with 10 ng/ml EGF for 7 min. The cells were lysed and were assayed for ERK activity. Closed bars, unstimulated cells; open bars, EGF-stimulated cells cells transformed by v-Src (Rozakis-Adcock et al., 1992; Welham et al., 1994; Hu and Bowtell, 1996) . It may be possible that the Grb2(⋅Shc) binding of the proline-rich domain decreases its anti-membrane targeting eect on Sos. In stimulated cells, therefore, the Sos⋅Grb2(⋅Shc) complex is likely to translocate to the membrane (in the vicinity of Ras) not only by the physical association of Grb2(⋅Shc) with the phosphorylated receptor on the membrane, but also by the actualized membrane-targeting function of the CDC25H domain.
In the present study, the DH domain was indicated to be another autoinhibitory domain of mSos1 in terms of the CDC25H-domain function. In contrast to the Grb2-binding domain, the DH domain had no eect on the localization of mSos1 in unstimulated cells. In this context, deletion of the DH domain of CDC25 Mm resulted in enhanced Ras activation (Cen et al., 1993) . The atuoinhibitory action of the DH domain against the CDC25H-domain function appears to be relieved by EGF stimulation. Since the mSos1 DH domain did not aect the GEF activity of the CDC25H domain in vitro, the autoinhibitory activity of the DH domain seems to depend on some intermolecular and/or interdomain interaction(s) on the membrane. It may be possible that the stimulation of the cells results in an increase or a decrease in the speci®c interaction of the Sos DH domain with membrane-associated factor(s), such as small GTP-binding proteins, which then reduces the autoinhibitory eect of the DH domain against the CDC25H-domain function of Sos.
We showed that the PH domain of mSos1 has no eects on the abilities of the CDC25H domain to cause ERK activation and to undergo membrane localization in unstimulated cells. Nevertheless, all the proteins containing the DH domain also have the PH domain just adjacent to the C-terminus (Egan et al., 1993) . The PH domain of dSos was found to interact with the Sevenless receptor in vitro, and this interaction was independent of receptor activation .
Recently, it was reported that expression of the Nterminal fragment containing the DH and PH domains of hSos1 blocked EGF-induced ERK2 activation (Byrne et al., 1996) . More recently, Chen et al. (1997) found that the PH domain of hSos was localized to the membrane in a stimulus-dependent manner, and inhibited serum-induced activation of the Ras signaling pathway. Accordingly, they proposed the presence of speci®c molecules that interact with the PH domain of hSos1, which are probably dierent from phosphatidylinositol 4,5-bisphosphate. Therefore, it is possible that the interaction of the PH domain of mSos1 with some molecule(s) decreases the negative eect of the DH domain on the ERK-activation activity of the CDC25H domain in stimulated cells.
Materials and methods
Plasmid constructions
Plasmids pGEX-D-P-C, pGEX-P-C, pGEX-C(584 ± 1088), pGEX-C(618 ± 1088), pGEX-C(634 ± 1088), pGEX-C(717 ± 1088), pGEX-C'(584 ± 1071), and pGEX-C''(584 ± 811) were constructed by the insertion of mSos1 fragments, prepared by polymerase chain reaction (PCR) with the mSos1 cDNA (Bowtell et al., 1992) as the template, between the BamHI and SalI sites of pGEX-4T-3. Plasmids pGEX-C(584 ± 1088/K619A) and pGEX-C(584 ± 1088/T622A) were constructed by PCR and were con®rmed by sequencing.
The pCMV5-HA expression vector was constructed by insertion of the synthetic oligonucleotide pair, 5'-A ATT ATG -TAC CCA TAC GAT GTT CCA GAT TAC GCT AGC A-3' and 5'-GA TCT GCT AGC GTA ATC TGG AAC ATC GTA TGG GTA CAT-3', between the EcoRI and BglII sites of pCMV5 (Andersson et al., 1989) . These oligonucleotides have the initiation codon, the sequence encoding nine residues of the immunodominant peptide (YPYDVPDYA) from in¯uenza virus hemagglutinin (HA), and a new restriction enzyme site, NheI, in this order. First, a 400-base pair fragment encoding the mSos1 N-terminal region was ampli®ed by PCR with the mSos1 cDNA, and was inserted between the NheI and SalI sites of pCMV5-HA, to form pCMV5-HA-N. For the C-terminal region of mSos1, a 4.1-kilobase pair EcoRI ± KpnI fragment of the mSos1 cDNA was inserted into the EcoRI ± KpnI sites of pMAM2-BSD (Kimura et al., 1994) and was digested with EcoRI and XhoI. The resulting fragment was inserted into the EcoRI ± XhoI sites of pCMV5-HA-N, which produced pCMV5-HA-N-D-P-C-G for expression of the full-length mSos1. Plasmid pCMV5-HA-N-D-P-G (1 ± 577 and 1076 ± 1336) was constructed by removing the fragment between the two PstI sites (corresponding to amino acid residues 578 ± 1075) frompuri®ed as described (Akasaka et al., 1996) . The Ras protein was preloaded with [ 3 H]GDP by incubating 20 pmol of c-Ha-Ras in buer A (20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM DTT and 1 mg/ml bovine serum albumin (BSA)) containing 5 mM EDTA and 1 mM [ 3 H]GDP (31.2 Ci/mmol; DuPont/NEN) at 258C for 10 min. MgCl 2 was added to a ®nal concentration of 10 mM and the [ 3 H]GDP dissociation assay was initiated by aliquoting 20 ml of the [ 3 H]GDP-Ras mixture into tubes containing buer A with 5 mM MgCl 2 , 0.1 mM GTPgS and 2 pmol of the GST-fusion protein at 308C (Por®ri et al., 1994) . At the indicated times, samples were removed from the reactions, and were assayed by nitrocellulose ®lter binding for the radioactivity remaining bound to c-Ha-Ras.
Cell culture and transfection
HEK 293 cells were grown at 378C in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal bovine serum. Cells in a plate (90 mm) were transfected with 20 mg of DNA by calcium phosphate precipitation.
Assays of ERK phosphorylation and activation
Twenty-four hours after transfection, the cells were serum starved in serum-free DMEM containing 1 mg/ml BSA for 24 h and were lysed on ice with buer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EGTA, 2 mM DTT, 1 mM orthovanadate, 10% glycerol, 20 mM bglycerophosphate, 1% Triton X-100, 1 mM PMSF, 10 mg/ ml leupeptin and 10 mg/ml aprotinin. The proteins, typically 30 mg of total lysate, were electrophoresed in a 12% SDS-polyacrylamide gel and were transferred to a nitrocellulose membrane for Western blot analysis using an anti-ERK antibody (Santa Cruz). Bands were visualized after treatment with a peroxidase-labeled secondary antibody by the ECL Detection System (Amersham). The ERK activity assay was performed according to the recommendations of the manufacturer (Amersham). Brie¯y, the lysate (1.5 mg) was assayed by the addition of 10 ml of substrate buer containing 6 mM of the substrate peptide (KRELVEPLT 669 PAGEAPNQALLR), in 75 mM HEPES, pH 7.4, 300 mM sodium orthovanadate and 0.05% sodium azide and 5 ml of ATP buer containing 0.3 mM [g-32 P]ATP (300 mCi/ml) and 90 mM MgCl 2 . After a 30 min incubation at 308C, 10 ml of 300 mM orthophosphoric acid was added to terminate the reaction. Thirty microliters of each sample were spotted onto a phosphocellulose disc, washed twice with 75 mM phosphoric acid and washed three times with distilled water. The radioactivity on each disc was then determined by scintillation counting.
Subcellular fractionation
Transiently transfected cells were washed with ice-cold buer B containing 25 mM Tris-HCl, pH 7.5, 250 mM sucrose, 5 mM EDTA, 5 mM EGTA 2 mM DTT, 1 mM PMSF, 10 mg/ml aprotinin and 10 mg/ml leupeptin, and then were scraped from the plate in 1 ml of buer B. The cells were centrifuged at 1000 r.p.m. for 5 min and were resuspended in 100 ml of buer B. The cells were disrupted by 70 strokes of a tight ®tting Dounce homogenizer. The nuclei and the unbroken cells were removed by centrifugation at 15 000 r.p.m. for 10 s. The supernatant was centrifuged at 100 000 g at 48C for 1 h. The resulting supernatant (S100) was transferred directly into 46SDS sample buer. The particulate fraction (P100) was resuspended in 16SDS sample buer and was sonicated brie¯y.
